The direct synthesis of sulfobetaine-containing amphiphilic block copolymers and their self-assembly behavior by Kay E.B. Doncom (7125482) et al.
European Polymer Journal 87 (2017) 497–507Contents lists available at ScienceDirect
European Polymer Journal
journal homepage: www.elsevier .com/locate /europol jThe direct synthesis of sulfobetaine-containing amphiphilic
block copolymers and their self-assembly behaviorhttp://dx.doi.org/10.1016/j.eurpolymj.2016.09.002
0014-3057/ 2016 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
⇑ Corresponding author.
E-mail address: rachel.oreilly@warwick.ac.uk (R.K. O’Reilly).Kay E.B. Doncom a, Helen Willcock b, Rachel K. O’Reilly a,⇑
aDepartment of Chemistry, University of Warwick, Gibbet Hill, Coventry CV4 7AL, United Kingdom
bDepartment of Materials, Loughborough University, Epinal Way, LE11 3TU, United Kingdoma r t i c l e i n f o
Article history:
Received 18 July 2016
Received in revised form 31 August 2016
Accepted 1 September 2016
Available online 4 September 2016
Keywords:
Sulfobetaines
Thermo-responsive polymers
Self-assembly
Controlled release
Static light scatteringa b s t r a c t
Diblock copolymers containing the thermo-responsive sulfobetaine, [2-(methacryloyloxy)
ethyl] dimethyl-(3-sulfopropyl) ammonium hydroxide (DMAPS), were synthesized by the
aqueous RAFT polymerization of DMAPS, followed by direct chain extension in hexafluo-
roisopropanol (HFIP) with methyl methacrylate (MMA). This was shown to give lower dis-
persity polymers than RAFT emulsion polymerization. The diblock copolymers self-
assembled in water to form micelles, as analyzed by light scattering (LS) and transmission
electron microscopy (TEM). Micelles formed from diblocks bearing a long PDMAPS block
were shown to swell with temperature, rather than display a traditional UCST cloud point.
This was due to the polymers retaining hydrophilicity, even at temperatures well below the
UCST for the corresponding PDMAPS homopolymer, as shown by variable temperature
NMR. This swelling behavior was utilized in the release of a hydrophobic dye in response
to temperature. This approach has great potential for applications in controlled release
whilst maintaining the structure of the carrier nanoparticles.
 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CCBY
license (http://creativecommons.org/licenses/by/4.0/).1. Introduction
Polymeric betaines are a class of zwitterionic polymers in which the cationic and anionic functional groups are located on
the samemonomer unit [1]. This unique functionality allows the polymer to undergo different types of self-association, from
intramonomer, to intrachain and interchain aggregation, leading to salt-responsive and thermo-responsive behavior [2].
These polymers are often insoluble in pure water, at room temperature, but increase in solubility with the addition of salt
[1,3–6]. Betaines can be further subdivided into three classes; sulfobetaines [6], phosphobetaines [7], and carboxybetaines
[8], which differ in the chemical nature of the ionic groups. Sulfo- and phosphobetaines have been shown to be biocompat-
ible, [9–14] to reduce bacterial adhesion and protein fouling [10,15] and are potentially finding uses in gene delivery,[16]
blood-inert surfaces [17], and wound care [18]. Some sulfobetaines also display an upper critical solution temperature
(UCST) thermo-responsive behavior, with the overall molecular weight of the polymer affecting the UCST cloud point
[19–22]. An additional benefit of sulfobetaines is that the zwitterionic functionality is essentially independent of pH.
There are several reports of sulfobetaine monomers being polymerized by RAFT polymerization techniques, both as
homopolymers and as block copolymers [3,21–28]. An advantage of this direct polymerization of the sulfobetaine monomer
is that it can be carried out in water or salt solutions, thereby avoiding the need for organic solvents. The ability to synthesize
betaine-containing diblock copolymers leads to interesting self-assembly and thermo-responsive behavior. Donovan et al.,
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lacrylamide. These were found to self-assemble into micelles in pure water but formed unimers upon dissolution into 0.5 M
NaCl solution [23]. We recently reported the thermo-responsive disassembly of di- and triblock copolymers consisting of sul-
fobetaine monomer and poly(oligioethylene glycol) methyl ether methacrylate (POEGMA) and found that the temperature at
which disassembly occurs was a result of the overall hydrophilicity of the polymer, provided by the hydrophilic POEGMA
blocks [29]. Arotçaréna et al. synthesized a schizophrenic block copolymer consisting of DMAPS and N-
isopropylacrylamide, NIPAM, by Atom Transfer Radical Polymerization (ATRP). Self-assembly at temperatures below the
UCST of the sulfobetaine block resulted in micelles with a sulfobetaine core and a hydrated PNIPAM corona, whilst at tem-
peratures above the LCST of the NIPAM block, inverse micelles with the NIPAM block as the core and the sulfobetaine block
as the hydrophilic corona were formed [9]. A similar example utilizes a diblock of a methacrylamido sulfobetaine and NIPAM
synthesized by RAFT polymerization [21].
These previous examples all demonstrate amphiphilic copolymers where the non-betaine block is, under the correct con-
ditions, hydrophilic. There are fewer examples where a permanently hydrophobic block is utilized. One reason for this is the
difficulty in selecting a solvent in which both the betaine block and the hydrophobic block are soluble.
One way to address this problem is to utilize a post-polymerization betainization method, whereby the corresponding
tertiary amino-monomer is polymerized in a suitable solvent and then the sulfonate group is introduced by reaction with
1,3 propane sultone or larger ring derivatives [25–27,30,31]. Copolymerization of the tertiary amine monomer with the
desired hydrophobic monomer would then give access to sulfobetaine-containing polymers with hydrophobic fractions
[25–27,32–34]. However, a disadvantage of this route is the toxicity of the sultones required for modification and often
for more hindered tertiary amines, the reaction takes several days and does not go to completion [27,30,35]. Woodfield
et al. utilized a slightly different method, whereby they synthesized a homopolymer of pentafluorophenyl acrylate and then
modified by post-polymerization methods using a mixture of zwittierionic amine and hydrophobic amines, such as benzyl
amine and pentyl amine. The UCST of the resulting polymer increased as the incorporation of benzyl amine, and therefore
the overall hydrophobicity of the polymer, increased. However, an increase in the corporation of pentyl amine did not result
in a changing UCST, which was attributed to entropic contribution from the flexible pentyl chains [36].
The direct copolymerization of hydrophobic and sulfobetaine monomers is a tougher synthetic challenge, owing to the
poor solubility of the sulfobetaine block. Free radical copolymerization of sulfobetaine and hydrophobic monomers has been
attempted in various solvents, including in DMSO [37,38], ethanol [39], trifluoroethanol [40]. acetonitrile/water mixtures
[41] and in water as an emulsion polymerization [42,43]. However, for these solvents solubility of the growing polymer
chain is problematic and can only be achieved at low sulfobetaine loadings. Free radical copolymerization of a sulfobetaine
monomer and ethyl acrylate in ethanol resulted in the resulting polymer being insoluble at zwitterionic loadings higher than
10 mol% [44]. Ionic liquids have also been investigated as a better solvent for this type of copolymerization [41,45], and
whilst a sulfobetaine homopolymer became insoluble during the polymerization, copolymers of n-butyl acrylate and sulfo-
betaine monomer formed a transparent gel. However purification proved problematic, as separation of the ionic liquid from
the zwitterionic polymer was difficult [41].
Herein we report the direct synthesis of sulfobetaine-containing amphiphilic diblock copolymers, in a suitable solvent for
both the sulfobetaine macroCTA and the growing hydrophobic chain, by RAFT polymerization and report on their self-
assembly and thermo-responsive behavior. This is of interest because it allows easy access to well-defined amphiphilic
betaine-containing polymers, and therefore higher order polymer structures, without the need for arduous post-
polymerization modification steps.2. Experimental
2.1. Materials
[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (DMAPS), methyl methacrylate (MMA), 4-cy
ano-4-(phenylcarbonothioylthio)pentanoic acid (CPTA) and 4,40-azobis(4-cyanopentanoic acid) (ACVA) were used as
received from Aldrich and Fluka unless otherwise stated. AIBN [2,20-azobis(2-methylpropionitrile)] was recrystallized twice
from methanol and stored in the dark at 4 C. Hexafluoroisopropanol (HFIP) was obtained from Fluorochem and Apollo.2.2. Characterization
1H Nuclear magnetic resonance (NMR) experiments were performed on a Bruker 400 FT-NMR spectrometer operating at
400 MHz using deuterated solvents. Chemical shifts are reported in parts per million relative to H2O (4.79 ppm) or HFIP
(4.4 ppm). Spectra were recorded at either 25 C or 45 C. Size exclusion chromatography (SEC) measurements were
obtained in either HPLC grade HFIP at a flow rate of 1 mL min1, on a set of two HFIPgel columns plus a guard column or
in pH 8.2 phosphate buffer at a flow rate of 1 mL min1, on a set of one PL aquagel OH 50 and one PL aquagel mixed M plus
a PL aquagel OH guard column. Cirrus SEC software was used to analyze the data using poly(methylmethacrylate) (PMMA) or
poly(ethylene glycol) (PEG) standards.
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2 mg mL1 were run. SLS and DLS measurements were recorded simultaneously on an ALV CGS3 spectrometer consisting
of a 22 mWHeNe laser at k = 632.8 nm. Measurements were carried out at 20 C and recorded at 7 scattering angles between
20 and 150. The scattering vector was defined as;q ¼ 4pg
k sin h2
 where g is the refractive index of the solvent. Concentrations between 0.1 and 2 mg mL1 were analyzed for each sample. At
least two measurements were run on each angle, each run for at least 100 s to determine the auto correlation function, g2(t),
from DLS and the mean scattered intensity, I, from SLS. The resulting correlation functions were analyzed using REPES pro-
gramme [46]. The Rh for the fast mode was determined by plotting the apparent diffusion coefficient for each concentration,
Dfast, against concentration and extrapolating to zero concentration. Kc/Rh,fast vs q2 was plotted and from this the molecular
weight and Rg for the nanostructure were determined.
Transmission electron microscopy (TEM) characterization was carried out using lacey carbon grids that had been treated
with graphene oxide (GO).[47] GO solutions were synthesized as previously described [48]. One drop of GO solution was
deposited onto an argon plasma treated lacey carbon copper grid and left to air dry. 4 lL of 0.1 mg mL solution of 4 was
deposited onto the grid and blotted off after 30 s. Dry state TEM analysis was performed on a JEOL 2000FX microscope oper-
ating at 200 keV.
As a consequence of particle aggregation and film formation in dry state TEM, TEM samples were also prepared by the
freeze-drying method [49]. 5 lL of a 0.1 mg mL1 self-assembled solution of 3 was frozen onto a lacey carbon grid and
the water then removed by lyophilization. This method is not ideal due to the damage that can occur to the grid upon freez-
ing. It was obvious to see the micelles on the grid bars, as there was little graphene oxide left on the grid after freezing.
2.3. Synthesis of DMAPS homopolymers, 1 and 2
Two DMAPS homopolymers of differing molecular weight, 1 and 2, were synthesized by RAFT polymerization, the general
procedure for which is detailed below. In order to achieve the different block lengths for 1 and 2, varying ratios of DMAPS to
CPTA were used. CPTA (10 mg, 0.004 mmol, 1 equiv.), DMAPS (5 g, 17.9 mmol. 500 equiv.) and ACVA (2 mg, 0.001 mmol, 0.2
equiv.) were dissolved in 25 mL 0.5 M NaCl solution. The pH of the solution was adjusted to ca. pH 7 (to ensure solubility of
the CTA) and then degassed by bubbling with nitrogen for 40 min. The polymerization mixture was then heated to 65 C for
19 h. The conversion was calculated from the integration of the monomer signals at d = 5.7 and 6.1 ppm to the polymer peaks
at d = 2.2, 2.9, 3.6 and 3.8 ppm. The polymer was purified by dialysis (MWCO 3.5 kDa) and recovered by lyophilization to
yield a pink polymer, 1,Mn (1H NMR) = 111.6 kDa, Mn (SEC) = 59.7 kDa, ÐM = 1.09. The DP of 400 was determined by conver-
sion 1H NMR spectroscopy. In this longer polymer the CTA end groups were not visible by 1H NMR spectroscopy due to the
higher molecular weight of the polymer.
1H NMR spectroscopy (400 MHz, 0.5 M NaCl in D2O): d = 0.8–2.4 (m, 2800H, CH2C(CH3) of polymer backbone, CH2C(CH3)
of polymer backbone, CH2CH2SO3 of DMAPS side chain), 3.05–3.14 (br s, 800H, CH2CH2SO3 of DMAPS side chain), 3.20–3.30
(br s, 2400H, N+(CH3)2 of DMAPS side chain), 3.60–4.10 (m, 1600H, N+(CH3)2CH2 of DMAPS side chain, OCH2CH2N of DMAPS
side chain), 4.40–4.70 (br s, 800H, OCH2CH2N of DMAPS side chain). 13C NMR spectroscopy (125 MHz, 0.5 M NaCl in D2O):
d = 18.5, 44.9, 45.1, 47.5, 51.6, 59.2, 62.2, 63.4, 177.4, 177.9.
Homopolymer 2, Mn (1H NMR) = 35.2 kDa, Mn (SEC) = 32.3 kDa, ÐM = 1.11. The degree of polymerization of the DMAPS
block was determined to be 125 from integration of the end group signals between d 7.50–8.10 ppm relative to the polymer
peaks at 3.0 ppm and 3.34 ppm (see ESI). This matched well with that predicted from conversion 1H NMR spectroscopy.
1H NMR spectroscopy (400 MHz, 0.5 M NaCl in D2O): d = 0.8–2.4 (m, 884H, CH2C(CH3) of polymer backbone, CH2C(CH3) of
polymer backbone, CH2CH2SO3 of DMAPS side chain), 3.05–3.14 (br s, 250H, CH2CH2SO3 of DMAPS side chain), 3.20–3.30 (br
s, 750H, N+(CH3)2 of DMAPS side chain), 3.60–4.10 (m, 500H, N+(CH3)2CH2 of DMAPS side chain, OCH2CH2N of DMAPS side
chain), 4.40–4.70 (br s, 250H, OCH2CH2N of DMAPS side chain), 7.50–8.10 (m, 5H ArH of CTA). 13C NMR spectroscopy
(125 MHz, 0.5 M NaCl in D2O): d = 18.5, 18.9, 19.6, 45.1, 47.5, 51.6, 59.2, 62.4, 63.4, 177.5, 178.1, 222.9.
2.4. Synthesis of PDMAPS-b-PMMA diblock copolymers
2.4.1. Synthesis of 3 in HFIP
1 (0.5 g, 0.005 mmol, 1 equiv.), MMA (0.1 g, 0.05 mmol, 200 equiv.) and AIBN (0.15 mg, 0.0005 mmol, 0.1 equiv.) were
dissolved in HFIP with a small amount of DMF as an internal 1H NMR spectroscopy standard. The solution was bubbled with
nitrogen for 40 min and placed in a preheated oil bath at 65 C. The polymer was purified by precipitation into methanol
followed by dialysis (MWCO 12–14 kDa) and recovered by lyophilization to yield 3, Mn (1H NMR) = 121.7 kDa, Mn (HFIP
SEC) = 73.1, ÐM = 1.34. 1H NMR spectroscopy (400 MHz, HFIP): d = 0.8–2.7 (m, 3360H, CH2C(CH3) of polymer backbone,
CH2C(CH3) of polymer backbone, CH2CH2SO3 of DMAPS side chain), 3.0–3.40 (m, 3200H, CH2CH2SO3 of DMAPS side chain
and N+(CH3)2CH2 of DMAPS side chain), 3.6–4.0 (br s, 1936H, N+(CH3)2CH2 of DMAPS side chain, OCH2CH2N of DMAPS side
chain, OCH3 of MMA side chain), 4.4–4.8 (br s, 800H, OCH2CH2N of DMAPS side chain).
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2 (0.1 g, 0.003 mmol, 1 equiv.) and ACVA (1 mg, 0.0004 mmol, 0.1 equiv.) were dissolved in 10 mL 0.5 M NaCl solution.
The solution was then purged with nitrogen for 1 h. MMA was bubbled with nitrogen separately for ten minutes and then
104 lL (0.1 g, 1 mmol, 350 equiv.) was transferred to the polymer solution. The reaction was stirred vigorously and placed in
a pre-heated oil bath at 65 C for 16 h, by which point the solution had turned opalescent. The polymer was purified by dial-
ysis and recovered by lyophilization to yield 4, Mn (1H NMR) = 52.2 kDa, Mn (HFIP SEC) = 31.6 kDa, ÐM = 1.80. 1H NMR spec-
troscopy (400 MHz, HFIP): d = 0.8–2.7 (m, 845H, CH2C(CH3) of polymer backbone, CH2C(CH3) of polymer backbone,
CH2CH2SO3 of DMAPS side chain), 3.0–3.40 (m, 1000H, CH2CH2SO3 of DMAPS side chain and N+(CH3)2CH2 of DMAPS side
chain), 3.6–4.0 (br s, 1050H, N+(CH3)2CH2 of DMAPS side chain, OCH2CH2N of DMAPS side chain, OCH3 of MMA side chain),
4.4–4.8 (br s, 250H, OCH2CH2N of DMAPS side chain). 13C NMR spectroscopy (125 MHz, HFIP): d = 15.2, 17.2, 44.3, 44.7, 51.4,
179.5, 180.1, 180.5.
3. Results and discussion
3.1. Synthesis of PDMAPS homopolymers, 1 and 2
Two homopolymers of PDMAPS varying in chain length (1 and 2) were synthesized by aqueous RAFT polymerization in
0.5 M NaCl solution, adjusted to pH 7. The salt solution was used to ensure the solubility of both the monomer and the grow-
ing polymer chain throughout the polymerization whilst adjusting the pH of the polymerization using diluted NaOH ensured
both the CTA and the initiator were fully solubilized. After heating to 65 C for 19 h the resulting polymers were purified by
exhaustive dialysis against water and recovered by lyophilization to yield 1, Mn (1H NMR) = 111.6 kDa, Mn (Aq. SEC)
= 59.7 kDa, ÐM = 1.09 and 2, Mn (1H NMR) = 35.2 kDa, Mn (Aq. SEC) = 32.3 kDa, ÐM = 1.11 (see ESI). Due to the molecular
weight the end groups of the RAFT CTA were not visible by 1H NMR spectroscopy therefore homopolymer 1was determined
to have a degree of polymerization (DP) of 400 by conversion NMR. For homopolymer 2 a DP of 125 was determined by com-
parison of end group signals between d 7.50–8.10 ppm relative to the polymer peaks at 3.0 ppm and 3.34 ppm (see ESI). This
matched well with that predicted from conversion. The absolute Mw of polymer 1 was determined by static light scattering
(SLS) in 0.5 M NaCl solution to be 136 kDa, which is in good agreement with the Mn, 111.6 kDa calculated from 1H NMR
(see ESI).
3.2. Synthesis of PDMAPS-b-PMMA diblocks, 3 and 4
3.2.1. Synthesis of 3 via polymerization in HFIP
As previously discussed, the ability to synthesize sulfobetaine-hydrophobic block copolymers is interesting due to their
potential self-assembly and thermo-responsive behavior. However, the direct synthesis of such block copolymers has not yet
been reported as polybetaines have poor solubility, often only being soluble in water, either at high temperatures or in the
presence of salt [4], or highly fluorinated polar solvents such as HFIP [5]. Such highly fluorinated solvents are not widely used
in polymer synthesis due, in part, to their associated hazards. This has limited the synthesis, and subsequent solution-based
characterization, of betaine-containing amphiphilic block copolymers. Since HFIP is a good solvent for both PDMAPS and
MMA, chain extension of 1was carried out in this solvent (see Scheme 1). The polymer was purified by dialysis against water
and recovered by lyophilization to yield 3, Mn (1H NMR) = 121.7 kDa, Mn (HFIP SEC) = 73.1, ÐM = 1.34. The efficient chainScheme 1. Synthetic routes to the diblock copolymers 3 and 4.
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homopolymer and the resulting diblock copolymer (see Fig. 1). The narrow dispersity obtained and the retention of the RAFT
end group, observed from the SEC UV trace recorded at 309 nm (see ESI), indicates a good degree of control over the
polymerization.
The length of the MMA block was calculated to be 100 by 1H NMR spectroscopy by comparison of the starting homopoly-
mer, 1, and the diblock copolymer, 3 in deuterated HFIP (see ESI).
3.3. Emulsion polymerization
Oil-in-water emulsion polymerization is a common method used to synthesize amphiphilic block copolymers in water
where the starting homopolymer and the growing second block have differing solubility.[50–52] Therefore in order to com-
pare the HFIP chain extension reaction to a completely aqueous system, homopolymer 2 was chain extended with MMA in
0.5 M NaCl solution as an oil-in-water emulsion polymerization. During reaction the solution became opalescent, which is
indicative of particles having formed as expected in an emulsion polymerization. The resulting polymer was purified by dial-
ysis, recovered by lyophilization then precipitated from HFIP into hexanes and dried to yield 4, Mn (1H NMR) = 52.2 kDa, Mn
(HFIP SEC) = 31.6 kDa, ÐM = 1.80. The length of the hydrophobic block was determined to be 181 units from 1H NMR spec-
troscopy in deuterated HFIP (see Fig. 2). The dispersity observed in the HFIP SEC is high and significant tailing can be seen,
indicating a lack of control and inefficient chain extension (see ESI). The significantly lower degree of tailing observed in the
SEC chromatogram of 3 compared to that of 4, along with the much lower dispersity obtained, indicates that HFIP is a better
solvent for the chain extension of PDMAPS with MMA than 0.5 M NaCl.
3.4. Self-assembly of PDMAPS-b-PMMA diblocks
Previous reports by our group showed that the addition of hydrophilic POEGMA to PDMAPS polymers resulted in the
overall hydrophilicity of the DMAPS increasing and therefore lowering the temperature at which the block becomes hydro-
philic [22,29]. Conversely, incorporation of hydrophobic comonomers into UCST polymers has resulted in an increase in the
UCST cloud point temperatures [36]. Agarwal and co-workers have shown that the copolymerization of hydrophobic acry-
lonitrile with acrylamide causes the polymer to display a UCST and increasing the amounts of acrylonitrile raises the UCST
[53]. Similar effects are seen with styrene as the hydrophobic comonomer [54]. However, the effect of adding a hydrophobic
block to a UCST polymer is unknown. Therefore it may be expected that chain extending the DMAPS homopolymer with the
hydrophobic MMA may cause an increase in the UCST cloud point.
Diblock copolymer 3 was self-assembled by direct dissolution into water at 25 C at a concentration of 1 mg mL1. The
size of the structures at 25 C was 67 ± 3 nm as observed by DLS analysis and TEM analysis confirms the presence of micelles
with an average size of 50 ± 12 nm (see Fig. 3).
The temperature response of 3 was investigated by DLS between 5 C and 65 C and size measured every 10 C. Based on
the UCST cloud point of the homopolymer 1 (19 C) it would be expected that below this temperature the PDMAPS block
would become completely hydrophobic and therefore precipitation would occur, however this was not observed. Indeed,
even at 5 C the micelles had shrunk to 59 ± 2 nm but remained stable in solution. Conversely, heating to 65 C caused swel-
ling of structures to 81 ± 2 nm (see Fig. 4).
Diblock copolymer 4 was also self-assembled in water by direct dissolution at 1 mg mL1. Analysis by DLS gives a pop-
ulation with Dh = 98 ± 8 nm whilst TEM analysis showed the presence of spherical structures with an average size of
60 ± 10 nm (see Fig. 5). The smaller size observed by TEM analysis is a result of drying effects during the TEM sample prepa-
ration [55].1000 10000 100000
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Fig. 1. HFIP SEC chromatograms showing the shift in molecular weight upon chain extension from homopolymer 1 to diblock copolymer 3.
Fig. 2. 1H NMR spectra of homopolymer 2 and diblock copolymer 4 in deuterated HFIP, showing the appearance of the MMA peaks at 3.6 ppm and 0.9–
1.2 ppm, recorded at 45 C and 500 MHz.
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Fig. 3. TEM of 3 at 0.1 mg mL1 on graphene oxide, scale bar = 200 nm and the distribution of sizes observed.
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size being measured every 5 C. Although the homopolymer 2 displays no UCST due to its low molecular weight, the prox-
imity of the chains in a self-assembled structure will increase the local concentration and therefore could force a thermo-
response. However, there was no significant size change across the temperature range investigated (see ESI).
Fig. 4. Plot of Dh vs temperature and dispersity vs temperature for a 1 mg mL1 solution of diblock copolymer 3 in water.
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Fig. 5. TEM image of micelles of 4 at 0.1 mg mL1 on graphene oxide, scale bar = 200 nm, and the distribution of sizes observed.
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In order to further investigate the thermo-responsive behavior of diblock copolymer 3, variable temperature 1H NMR was
conducted. A solution of 3 was made at 5 mg mL1 in D2O. 1H NMR spectroscopy was performed at temperatures ranging
from 5 to 65 C every 10 C. A small amount of DMF was used as an internal standard to help calculate the percentage
hydrophilicity of the polymer. The COH peak of the DMF was set at an integration of 1 and three separate peaks relating
to the DMAPS block were integrated relative to this DMF peak (see Fig. 6). The integration of each peak at the highest tem-
perature was assumed to be fully hydrated, i.e. all the available DMAPS side chains are hydrated and therefore hydrophilic.
The integrations of the same peaks at different temperatures were compared to these fully hydrated peaks to calculate the
percentage hydrophilicity present in the polymer at that temperature.
Fig. 6 shows how the integrations of the DMAPS peaks change with temperature. The betaine block never becomes fully
hydrophobic, even at temperatures of 5 C approximately 35% of the block remains hydrated. The PMMA block is not visible
as it is not solvated [30]. This remaining hydrophilicity prevents the polymers from macroscopically aggregating, even at
temperatures well below the UCST cloud point of the PDMAPS block. This retained hydrophilicity is similar to that observed
by our group when studying a diblock copolymer consisting of a short block of POEGMA and a much longer PDMAPS block.
Here, the PDMAPS block also retained significant levels of hydrophilicity at temperatures well below the UCST cloud point
[29]. In another similar example by Willcock et al. the UCST cloud points of linear and branched homopolymers of PDMAPS
were studied. The branched homopolymers displayed greatly reduced cloud points, compared to the linear homopolymers
[22]. It was proposed that the shorter chains of PDMAPS in the branched polymers acted as stabilizers, forming a core-shell
structure and therefore remaining in solution. Our results, along with these previous studies, show that the thermo-
responsive behavior of DMAPS within a higher order polymer structure is complicated and the temperature at which the
polymer exhibits a response is affected, regardless of whether the other block is hydrophilic or hydrophobic [56].3.6. Investigation of the swelling behavior of 3 by SLS
In order to prove that the size change was a result of the swelling of the PDMAPS block, rather than a further aggregation
of the assembled structures, SLS and multi-angle DLS at 20 C and 60 C was performed at concentrations between 0.5 and
Fig. 6. (Top) 1H NMR spectrum of diblock copolymer 3 in D2O, showing the three DMAPS peaks used for calculating remaining hydrophilicity, recorded at
65 C and 500 MHz. (Bottom) Graph showing how the % hydrophilicity of the PDMAPS block of diblock 3 changes with temperature.
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diffusion coefficient, yielding a Dh = 72 nm at 20 C and 87 nm at 60 C (see Fig. 7).
Kc/Rh,fast was plotted against q2 for each concentration and each plot extrapolated to zero angle. The extrapolated Kc/Rh,fast
value was then plotted against concentration and extrapolated to zero concentration, which was used to determine the abso-
lute molecular weight of the nanostructure at each temperature. The absolute molecular weight of the self-assembled struc-
tures of 3 was determined to be 27.5 MDa at 20 C and 27.6 MDa at 60 C (see Fig. 7). The Rg/Rh ratio at 20 C was calculated
to be 0.78 and at 60 C was 0.71.
The similar molecular weights of the micelles at 20 C and 60 C indicates that there has been no change in the aggrega-
tion number of the structures at the different temperatures. The difference in size is evident from the hydrodynamic diam-
eters calculated (73 nm at 20 C and 86 nm at 60 C) and therefore this increase in size but not molecular weight confirms
that the swelling seen is solely due to the hydration of the DMAPS block, as expected, and not any difference in aggregation
of the polymer chains.3.7. Release of hydrophobic payloads from the swollen micelle
At low temperatures the micelles formed by 3 are collapsed as the PDMAPS block is mainly hydrophobic. This means that
the hydrophobic core will be larger due to the permanently hydrophobic PMMA block and the hydrophobic portion of the
PDMAPS. At higher temperatures the PDMAPS block becomes hydrophilic and hydrated and so the hydrophobic core of the
Fig. 7. (Top) Plot of apparent Dt against concentration for diblock 3 at 20 C and 60 C. The intercepts of the linear fits correspond to the hydrodynamic
diameters. (Bottom) Plot of Kc/Rh,fast vs concentration for self-assembled solutions of 3 at 20 C and 60 C. The Mw of the micelles was calculated using the
intercept of the linear fit to the SLS data.
K.E.B. Doncom et al. / European Polymer Journal 87 (2017) 497–507 505micelles is smaller at elevated temperatures. Therefore it should be possible to encapsulate a hydrophobic payload within
the core of the micelles at low temperatures and then release some of the payload at higher temperatures.
A 1 mg mL1 solution of 3 was stirred overnight at 4 C with Nile Red at 1 mg mL1. The solution was then filtered
through a 0.45 lm nylon filter in order to remove any non-encapsulated Nile Red and the sample tested for fluorescence
(kex = 550 nm, kem = 575 nm). There was a significant fluorescence response. The solution was then heated at 65 C for
10 min, and then filtered whilst hot. The fluorescence response had significantly decreased, showing that Nile Red had been
released from the micelles upon heating (see Fig. 8). This demonstrates that even though the micelle remains intact through-
out the temperature range, a significant proportion of Nile Red is released as the size of the hydrophobic core decreases. The
effect of filtering the micellar solution upon fluorescence intensity was investigated and it was shown that the small500 600 700
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Fig. 8. Plot of fluorescence of micelles of 3 loaded with Nile Red before and after heating at 65 C for 10 min.
506 K.E.B. Doncom et al. / European Polymer Journal 87 (2017) 497–507decrease in intensity as a result of loss of micelles on the filter was not significant (see ESI) and therefore the significant
decrease in the fluorescence signal is a result of the release of the Nile Red from the core of the micelles.4. Conclusions
The direct synthesis of well-defined amphiphilic polybetaine block copolymers by RAFT polymerization in HFIP has been
achieved and demonstrated to offer greater control than the corresponding RAFT emulsion polymerization of MMA. The
incorporation of the permanently hydrophobic PMMA block was shown to direct the assembly of the polymers into micelles,
and whilst the PDMAPS homopolymer displays a UCST cloud point, the resultant micelle instead demonstrated a swelling
behavior in response to increased temperature. SLS conducted at 20 C and 60 C prove that the swelling is a result of the
solvation of the PDMAPS block and not a change in aggregation state. Variable temperature 1H NMR showed that the
PDMAPS block never becomes fully hydrophobic, explaining the presence of stable micelles at temperatures well below
the UCST of the betaine homopolymer. This swelling behavior has been exploited to release a hydrophobic payload from
the core of the micelle. This work confirms that the architecture of stimuli-responsive materials has a huge effect on their
responsive behavior, demonstrating the need for structure control when incorporating them into higher order structures.
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